A systematic investigation into the etiology of congenital heart diseases (CHD) has been undertaken through the testing of four alternative hypotheses. Data was obtained for six common congenital heart lesions from the investigation of familial aggregates, twin studies, and chromosomal evaluations. Animal homologies were also considered in the evaluation of the hypotheses. Hypothesis 1-no genetic basis for the etiology of congenital heart diseases-was tested and rejected. Then in an effort to define the possible genetic basis of congenital cardiovascular malformations hypothesis 2-the genetic basis of CHD is determined by gross chromosomal aberrations-was evaluated by reviewing karyotypes of nonsyndrome CHD patients in the literature as as well as 104 personal cases. Rejection of hypothesis 2 is required bv all available evidence. Hypothesis 3-the genetic basis of common isolated congenital heart lesions is determined by single mutant genes-was also tested and rejected.
purpose is to develop a working hypothesis which is readily subject to test. To arrive at an hypothesis which may carry a high likelihood of approximating the answer regarding the etiology of congenital heart diseases, alternative hypotheses must also be rigorously tested.
Genetic and environmental factors are the two areas which have received attention in the etiology of congenital cardiac malformations, but the relationship, if any, between these areas has not been clearly defined. The literature is replete with surveys and case reports documenting the familial nature of congenital heart diseases.' The influence on the developing human heart of environmental teratogens, such as rubella,4 8 thalidomide, 6 and high altitude7 has also been documented. The demonstration of teratogenic malformation of the heart by many other environmental agents is quite convincing in experimental animals.8-10 However, it has been more difficult to demonstrate that an agent capable of producing cardiac maldevelopment in an experimental animal such as the mouse8 is also responsible for congenital heart defects in the human."
A preliminary step to investigating the etiology of congenital heart defects is the isolation and evaluation of the separate potentially contributing factors: heredity and environment. Heredity
When considering the genetic basis of disease, McKusick suggested that there are three possible categories: (1) single mutant gene, (2) chromosomal aberration, and (3) multifactorial causation. 12 The first category of genetic disorders, the single mutant gene diseases, includes the disorders that conform to Mendelian patterns of inheritance and that may be analyzed as autosomal dominants and recessives and Xlinked dominants and recessives. Although a large number of different diseases are suspected as being caused by single mutant genes, 13 by and large these are the rare diseases of mankind with population incidence of less than 1/1,000.14 Many of these Circulation, Volume XXXVIII, September 1968 single mutant gene syndromes have heart lesions as part of the clinical picture. Examples are the autosomal dominant diseases, Marfan's syndrome and Ehlers-Danlos syndrome; the autosomal recessive diseases, Hurler's syndrome and Ellis-van Creveld syndrome; and the X-linked recessive disorders, such as Hunter's syndrome. ' 2 However, taken all together, diseases having an established single mutant gene basis probably account for less than 1% of patients seen in a typical cardiology clinic.
The next category of genetic disorders is the group of chromosomal aberrations, of which mongolism is the prototype. The number of different disease entities caused by identifiable chromosomal aberrations is small; Turner's syndrome and the D and E trisomies being the most important after mongolism. However, this category is responsible for a larger number of patients with congenital heart defects than are found in the single mutant gene category. The overall significance of these chromosomal aberrations in the etiology of congenital heart diseases remains small, with probably less than 5% of patients with congenital heart defects having an identifiable chromosomal anomaly.
The third category of genetic disorders, multifactorial inheritance, is a specific entity which has received much recent emphasis, but historically it may be the oldest category.
Probably this is what Hippocrates was suggesting in his "Doctrine of Diathesis," the tendency of diseases to run in families. Our present understanding of this mode of inheritance has been developed through the basic work of Wright'5 and Gruneberg ' The sine qua non for any genetic hypothesis is familial aggregation. Several large surveys in the past have shown a clear tendency for congenital heart disease to run in families.2 3 Differences in frequencies and interpretations prompted us to conduct our own survey1 which differed from some previous studies in that our protocol called for personal examination of all first degree relatives and as many distant relatives as possible, rather than relying on questionnaire studies conducted through the mail.
We found that 34% of 517 randomly selected patients presenting with congenital heart lesions had one or more relatives with unequivocal evidence of congenital heart disease. In a matched control group, using 100 probands, each without a congenital heart defect, there was a positive family history in only 9% of the families. Equally striking was the finding that 53 of 1,602 (3.4%) In our series, 46% of identical twins had co-twins with congenital heart defects, and in the world literature, 25% of precisely diagnosed identical twins had affected co-twins. On the other hand, 4.2% of nonidentical twins, in our series, and 4.9% of nonidentical twins in the world literature had both members of the twin pair affected. The nonidentical twins were thus not affected with a significantly higher frequency than would be predicted from the empiric risk figures for sibs. The difference between affected identical and nonidentical twins is significant ( P < 0.01 ).
From the results of twin studies we must again reject the hypothesis of no genetic basis of congenital heart diseases.
Animal Homologies
Another area of investigation which may be used to test genetic hypotheses is that of animal homologies. The excellent review of Detweiler23 provides a variety of good animal models of "families predisposed to congenital heart disease." Dogs, swine, cattle, rats, pigeons, and turkeys are among the many animal species to demonstrate familial cardiovascular disease.
Our investigations in this area have been with strains of mice. We have found that the A/Jax mouse spontaneously has atrial septal defect (first observed by Rosen, personal communication) in about 1% of the fetuses and may thus be viewed as being predisposed to atrial septal defect. This predisposition may be accentuated by the administration of a teratogen, such as dextroamphetamine, which results in 12% of the fetuses having congenital heart lesions.8 Although several different heart anomalies may result from exposure to this teratogen at the vulnerable Circulation, Volume XXXVIII, September 1968 period of cardiac development, the predominating lesion is atrial septal defect, which is the cardiac malformation "running in the family."
We have now accumulated enough data on the C57BL/6 strain of mice to propose that this strain has a familial predisposition to ventricular septal defect, which occurs spontaneously in less than 1% of fetuses, but which is produced in more than 10% of fetuses exposed to dextroamphetamine. 24 The demonstration of familial occurrence of congenital heart defects in animal homologies is acceptable evidence for the rejection of the hypothesis of no genetic basis of congenital heart disease.
Hypothesis 2. Chromosomal Aberration
If there is a genetic basis for congenital heart diseases, what is its nature? The three possibilities have already been proposed. The first of these are gross chromosomal aberrations. Testing this hypothesis is relatively simple. One needs only to make chromosomal karyotypes on patients with congenital heart defects.
Although everyone is familiar with the existence of heart lesions in patients with the few established syndromes caused by chromosomal anomalies, such as mongolism, the D and E trisomies, and Tumer's syndrome, it should be re-emphasized that these syndromes probably account for less than 5% of patients with congenital heart lesions.
Efforts have proved fruitless to demonstrate that patients with congenital heart lesions (who do not also have multiple stigmata of chromosomal anomalies) have consistently demonstrable chromosomal aberrations.25 26 In the early stages of chromosomal analysis, a scattering of reports, such as that of Bbbk and associates27 appeared to offer promise that nonsyndrome, isolated congenital heart lesions might have a gross chromosomal basis, but subsequent investigations have failed to show consistent or reproducible changes.
Our own cytogenetic evaluation of patients with cardiac anomalies consists Meaningful and valid data can be derived from the intensive study of specific heart lesions, and then, and only then, does the developmental relationship or lack of relationship become apparent. We have studied six of the most common congenital heart anomalies in depth: (1) atrial septal defect, (2) ventricular septal defect, (3) patent ductus arteriosus, (4) valvular pulmonic stenosis, (5) valvular aortic stenosis, and (6) tetralogy of Fallot. The findings for all six lesions are similar; so for ease of exposition, only the first lesion that we studied, atrial septal defect, ostium secundum, will be discussed in depth. What is said about atrial septal defect applies equally to the other five common heart malformations.
The reason for studying atrial septal defect first was that it is the most common congenital heart anomaly seen in adults. We felt that suitable defects for intensive study should be compatible with life into the reproductive age, should be common enough to provide an adequate number of patients, and should be diagnosed with reasonable ease and accuracy. All the diseases we have studied fulfill these criteria except tetralogy of Fallot, which, prior to the surgical era, did not commonly permit survival into the reproductive age. Genetic factors in atrial septal defect have received attention in the past. Howitt28 reported a family manifesting direct transmission and concluded that an autosomal dominant mode best explained this pedigree. Carleton and associates29 found affected sibs without affected parents, which they interpreted as being consistent with autosomal recessive inheritance. We studied 100 families in which the index case had atrial septal defect and found that 32 families had at least one other individual with acceptable evidence of a congenital heart lesion.0 In some we found direct transmission as seen in autosomal dominant inheritance (figs. 1 and 2). In others we found affected sibs in a ratio which approached one in four, without affected parents, the typical finding in autosomal recessive inheritance (figs. 3 and 4). What could be wrong with these two interpretations other than the fact that they disagree with each other? What is wrong is that we have chosen to present only selected pedigrees from the 100 families. If, in the usual random mating situation, single gene autosomal dominant inheritance (with full penetrance) were operating, the expectation would be that one parent should transmit the disease to each of the probands, and that about one in two of the offspring would be affected. However, only seven parents in 100 families (not 100 parents) and only 10 of 279 sibs (3.7% not 50%) were affected. As for autosomal recessive inheritance, the parents should not be affected, and about one in four offspring should have the disease, but seven parents were affected and the 3.7% affected siblings falls far short of a one in four expectation.
Therefore, when one stops selecting pedigrees to support either a single gene autosomal dominant or recessive mode of inheritance and looks at a sizable sample of 100 randomly ascertained families with atrial septal defect, it is clear that no single mutant gene hypothesis is tenable. Although 32% of the families have positive histories for congenital heart disease, only 7% have affected parents and only 9% have affected sibs. The data are not consistent with autosomal dominant (P<0.001) or autosomal recessive (P <0.001) inheritance in atrial septal defect or in the other five lesions studied. Table 2 gives the results of an ongoing survey to present time.
The hypothesis that a single mutant gene is responsible for most congenital heart defects must be rejected on the basis of familial aggregate data. Plotting these cardiac anomalies on the graph devised by Newcombe ( fig. 5 ), using the sibs in our study, and adding the results of three studies by other investigators again reveals close correlation between the frequencies observed and those expected for multifactorial inheritance. The hypothesis for multifactorial inheritance cannot be rejected on the basis of this test.
To return to table 2, the sib frequencies were closely predicted by Edwards' formula, but not the frequencies of affected parents. One reason for this becomes obvious when noting that there is only one parent with tetralogy of Fallot, but there are the predicted number of parents with ASD. Survival into the reproductive age is certainly a factor. In VSD, spontaneous closure may also be an additional factor. Parents of several patients with VSD insist that they had "serious heart murmurs" as infants and young children which disappeared during childhood.
The preceding analysis of familial aggregates indicated that congenital heart defects meet the criteria for multifactorial inheritance by being common. From the test of hypothesis 1 we reject the no genetic basis. Under hypothesis 3, a Mendelian genetic mode is rejected, but in two tests for multifactorial inheritance (Edwards and Newcombe) it is not possible to disprove that the Circulation, Volume XXXVIIJ. September l968 genetic basis conforms to multifactorial inheritance.
Twin Studies
Twin studies support a genetic basis for congenital heart lesions under hypothesis 1 but do not fulfill criteria for a Mendelian inheritance under hypothesis 3.
The next step is to test for multifactorial inheritance. Both identical twins in multifactorial inheritance are not affected 100% of the time as they are in single gene inheritance, because there is an important environmental component to the ultimate expression of the disease of malformation. The usual range of concordance is 25 to 50%. Our twin study showed 46% concordance, while the combined twins from the world literature showed a concordance of 25%.
For both nonidentical twins and sibs, the concordance should be 1 to 5% in multifactorial inheritance, rather than the 25% concordance in recessive and the 50% in dominant inheritance. Our nonidentical twins showed 4.2% concordance, and the combined twins from the literature, 4.9% concordance.
The In the past, the influences of heredity and environment in the etiology of congenital heart diseases have been separated as if they represented conflicting, if not irreconcilable, points of view. The multifactorial hypothesis proposes that the two possible etiologies of congenital heart anomalies are interrelated. That the environment plays an established role as evidenced by congenital heart defects following exposure to rubella4 5 and thalidomide6 has already been mentioned. That environmental effects in human malformations take place in the context of genetic predisposition has been suggested by studies of animal models but has been difficult to document in human beings. 8 of the disease is essentially determined by genetic rather than environmental factors.
The next most common cause of congenital heart defects, although probably accounting for less than 5% of congenital heart diseases, is the category, gross chromosomal aberrations. Once more the disease is primarily determined by genetic factors, with the environment influencing the expression of the disease only to a small extent.
The last category, which seems to encompass most congenital heart diseases, is multifactorial inheritance. In this concept, the environment plays a very important role, but a role which varies depending on the balance of genes predisposing to the defect. In Mendelian inheritance the risk to the unborn after one affected child is fixed at 1 in 2 for dominants (in the usual random-mating situation), and 1 in 4 for recessives. That is, the risk remains 1 in 4 for phenylketonuria, whether or not the mother has had a viral infection or drug exposure, and remains 1 in 4 for each successive child no matter how many children are affected with the disease. NORA However, in multifactorial inheritance, the risk increases with the number of affected individuals in the family. The more affected individuals, the more this is an indication of a larger number of genes predisposing to the malformation. If there is only one affected sib with ASD and no affected parents, the average risk predicted for the next unborn child would be the square root of p or 2.6% for ASD. In such a family, exposure at a vulnerable period of cardiac development to an environmental influence or teratogen to which the fetus is sensitive will be all that is necessary to push the patient over the threshold from normal cardiac development to cardiac malformation. This may be the situation in most congenital heart defects.
Yet, even in multifactorial inheritance, genetic factors may be alnost entirely responsible for a cardiac anomaly with environment having minimal determining effect as is seen in the pedigree in figure 7 . We have several families like this family with atrial septal defect and developmentally related cardiac anomalies, in which our interpretation is that there appears to be such a large number of genes predisposing to cardiac malformation that all, or almost all offspring in a sibship are affected. Such pedigrees are uncommon, but are important to recognize from the genetic counseling point of view. In these families the genetic balance is so unfavorable, that predictions for future risk should be based on the empiric risk already seen in the family. That is, almost all offspring will be affected, and the environment will contribute relatively little to determining the anomaly.
Study of the genetic-environmental interaction offers substantial hope for progress in prevention. This will be achieved not so much by identifying environmental agents which may push the predisposed individual over the threshold from normal to abnormal development, but by studying the families with congenital heart diseases and determining in what parameters these individuals differ from those not predisposed. After identification of pathogenetic components of the disease, it is not unreasonable to consider the possibility of genetic engineering of specific replacement or specific avoidance of factors influencing the threshold of the disease.
The goal in proposing the multifactorial hypothesis for the etiology of congenital heart diseases is to bring together divergent etiological factors and to show that they may be encompassed by a single concept which is subject to test. It is hoped that the multifactorial hypothesis is sufficiently stimulating and provocative to invite attack and attempts at disproof, because research required to test this hypothesis will unavoidably increase our knowledge regarding the etiology of congenital heart diseases.
